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PIEZOELECTRIC SENSOR DYNAMIC
RANGE IMPROVEMENT

FIELD OF THE INVENTION

Embodiments of the present mvention are directed to
piezoelectric sensors and, more particularly, to differential
piezoelectric sensors with improved range and reduced out of
axis sensitivity and sensor oifset.

BACKGROUND INFORMATION

Inertial sensors, such as accelerometers, have wide appli-
cations in many industries. Most notable perhaps being 1n the
acrospace, military, and automotive 1ndustries. More
recently, they may be found in computer video game control-
lers where the controller senses user body movements.

One type of traditional accelerometer i1s the mercury
switch. Typically this comprises a sealed tube containing a
pair of electrodes and a small amount of mercury. When the
tube 1s tilted or the mercury otherwise accelerated 1t makes
contact with the electrodes and completes an electrical cir-
cuit. This may be considered a type of one-bit accelerometer;
one bit, because it’s either on or off. Unfortunately, mercury
1s toxic and containment may be an 1ssue. Further, such
switches are relatively large, and cannot be fabricated by
photolithography.

Accelerometers may be used to measure acceleration,
vibration, and mechanical shock etc. Single-axis, dual-axis,
and triple-axis accelerometers are available to measure accel-
eration as a vector quantity in one or more dimensions. Mod-
ern accelerometers may be fabricated as micro electro-me-
chanical system (MEMS) devices. MEMS accelerometers
typically comprise a suspended cantilever beam or proof
mass with some type of deflection sensing circuitry. As forces
cause the accelerometer to accelerate/decelerate, inertia may
cause the cantilever or proof mass to detlect relative to the
frame or supporting structure of the rest of the device. The
deflection quantity and direction may be sensed and mea-
sured to provide an acceleration vector.

Referring now to FIG. 1, there 1s shown a piezoelectric
MEMS sensor which may be used to sense acceleration or
vibration by converting mechanical energy mto an electrical
signal. The sensor may include a generally rngid frame 100 or
support structure. Here the frame 100 1s generally square, but
other shapes are possible. A proof mass 102 1s suspended at
the center of the frame 100 by a plurality of arms 104 attached
at the corners of the frame 100. A beam 106 surrounds the
prool mass 102 within the frame and defines two capacitors
108 and 110 for each arm 104. Thus, the piezoelectric sensor
shown 1n FIG. 1 comprises eight capacitors on chip.

As shown 1n FIG. 2, this arrangement forms a 2-port sys-
tem with outputs Q1 and Q2. Capacitors on adjacent arms are
90° degrees apart from each other, such that out-off-axis
components (caused by accelerations 1n X or y direction) are
cancelled assuming all four capacitors (C1=C2=C3=C4 and
C35=C6=C7=C8) are the same.

The above design may have several drawbacks. First,
depending on the selected piezoelectric material, the piezo-
clectric sensitivity changes which results 1n a limited/reduced
dynamic range. Thus, it may be beneficial to increase the

overall signal-to-noise ratio (SNR) of the piezoelectric
MEMS sensors.

Second, as shown 1n FIG. 2, the state-of-the-art sensor has
two signal ports, Q1 and Q2, plus ground. However, for a high
performance sensor, a fully differential sensing and feedback
structure would be desirable.
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Finally, any mismatch due to the processing causes
C1=C22C3= ... =(C8. As aresult one obtains a charge differ-
ence/imbalance (1Q11=1Q2l) resulting 1n an offset voltage at
the output of the succeeding charge-to-voltage converter. In
addition, the sensor gets sensitive to out-oif-axis accelera-
tions since these portions did not cancel due to ACx and ACy.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and a better understanding of the present
invention may become apparent from the following detailed
description of arrangements and example embodiments and
the claims when read in connection with the accompanying
drawings, all forming a part of the disclosure of this invention.
While the foregoing and following written and 1llustrated
disclosure focuses on disclosing arrangements and example
embodiments of the invention, 1t should be clearly understood

that the same 1s by way of illustration and example only and
the invention 1s not limited thereto.

FIG. 1 1s a MEMS piezoelectric sensor having eight
capacitors and a two-port output;

FIG. 2 1s a circuit representation of the piezoelectric sensor
showing sensor oifset and out-of-axis sensitivity due to
capacitive mismatch;

FIG. 3 shows one embodiment of a piezoelectric sensor
having adjustable sensor gain/sensitivity that allows varying
the overall input and feedback signal amplitude by changing
dynamically the number of used capacitors;

FIGS. 4A and 4B show the closed loop simulation of the
SNR vs. mput acceleration (Psig) without and with the gain
adjusted, respectively;

FIG. 4C 1s a graph showing a zoom view of SNR vs. mput
acceleration (Ps1g) without and with the gain on the same
plot;

FIG. 5 shows a method for operating the sensor where a
single sample period T's may be divided such that the capaci-
tors may be used for sensing during half the period and for
teedback during the other half of the period according to one
embodiment;

FIG. 6 a fully differential the sensor architecture using
parts of the capacitors for sensing the acceleration while the
other ones feedback the reference signal according to one
embodiment; and

FIG. 7 shows a sensor using a switching sequence that
compensates/cancels the error due to the capacitive mismatch
according to one embodiment.

DETAILED DESCRIPTION

Described 1s MEMS sensor having increased overall
dynamic range by varying the overall signal and feedback
gain depending on the incoming signal/acceleration. A
simple digital gain adjustment block forms an active feedback
loop to the sensor such that depending on the internal signal
levels of the decimator the number of sensing capacitors and
teedback capacitors are altered.

Embodiments comprise techmques that improve upon cur-
rent state-olf-the-art sensor design with feedback schemes.
First 1s a time-sharing technique that subdivides the sample
period 1nto a sense part where the capacitors are used for
acceleration sensing, and a feedback part where the capaci-
tors are used to feed back a reference voltage. Secondly parts
of the sensor capacitors are used for sensing the acceleration
while the other ones feedback the DAC signals. By using a
switching sequence any mismatch term 1s canceled 1n first
order 1n the time domain.
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Reference throughout this specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure, or characteristic described 1n connection with the
embodiment 1s included 1n at least one embodiment of the
present mvention. Thus, the appearances of the phrases “in
one embodiment” or “in an embodiment” 1n various places
throughout this specification are not necessarily all referring,
to the same embodiment. Furthermore, the particular fea-
tures, structures, or characteristics may be combined 1n any
suitable manner in one or more embodiments.

FI1G. 3 shows a schematic of a plurality of capacitors C1-C8
as they appear 1n a piezoelectric MEMS sensor, such as that
shown 1n FI1G. 1, with each of the four arms comprising a pair
of capacitors C1-C5, C2-C6, C3-C7, and C4-C8 with the
outer capacitors C5-C8 between the beam 106 and the frame
100 and the mner capacitors C1-C4 between the proof mass
102 and the beam 106.

Rather than using all eight capacitors for sensing, half of
the capacitors are used for sensing and the other half of the
capacitors are used for feedback 302. As shown, in this
example the outer capacitors C5-C8 are used for sensing 300
and the inner capacitors C1-C4 are used for feedback 302. In
addition, each capacitor C1-C8 may comprise a switch 304.
Output from the sensing capacitors 304 1s the mput Qin to a
2A teedback loop 306. The feedback loop 306 may comprise
a loop filter 310 and analog-to-digital converter 312 and a
digital to analog converter 314 to feed the signal back to the
teedback capacitors 304. The output of the analog-to-digital
converter 312 1s input 1nto a decimator and gain adjustment
block 316. The decimator and gain adjustment block 316 then
outputs switching signals 318 to connect or disconnect
selected capacitors C1-C8 using the switches 304.

As shown, the loop 306 may vary the overall signal and
teedback gain. The digital decimator and gain adjustment
block 316 forms an active feedback loop to the sensor such
that depending on the internal signal levels of the decimator
316 the number of sensing capacitors 300 and feedback
capacitors 302 1s altered to thus increase the overall signal to
noise ratio (SNR). Adjustable sensor gain/sensitivity allows
varying the overall input and feedback signal amplitude by
changing dynamically the number of used capacitors. The
gain adjustment 1s driven by a digital block that includes the
decimation filter 316 such that the actual maximum ampli-
tude 1s known so that by feeding back this information a
maximal SNR improvement of (2 bit) or 12 dB 1s feasible.

Since the sensor has four capacitors used for sensing 300,
the maximal improvement 1s a factor of four which results in
atwo bit (or 12 dB)increase SNR. As shown in FIGS. 4A, 4B,
and 4C, the SNR 1s plotted vs. the iput acceleration (Psig).
FIG. 4A shows the SNR plot without gain adjustment, such
that the maximum SNR=82 dB 1s obtained at -8 dB input
magnitude. FIG. 4B includes the gain adjustment and shows
an SNR of 81 dB up to +5 dB. This 1s a SNR improvement of
13 dB (more than two bits).

FIG. 4C shows a zoom view within the SNR plot with and
without gain adjustment. Here two MSB bits are introduced,
which are set depending on the input amplitude. As a result,
the SNR 1improves by more than 12 dB.

As noted above, the sensor as shown in FIG. 1 has two
signal ports, Q1 and Q2, plus ground. However, for a high
performance sensor readout a fully differential sensing and
teedback structure would be desirable. Referring to FI1G. 5, 1n
another embodiment the two port system of FIG. 1 may be
turned 1nto a tully differential 4 port sensor with two ports for
sensing and two ports for feedback.

As shown i FIG. 5, one embodiment may split each
sample period Ts=1/1s into two parts (1.e. time-sharing); a
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sense period, Tsense, and a feedback period, Ttb. In the sense
period the capacitors are used to sense fully differentially the
input acceleration. In the second part, a feedback signal (e.g.
a positive Vrel+ or negative Vrel— reference voltage) 1s con-
nected to the sensor capacitors which close the 2A loop.

In another embodiment as shown 1n FIG. 6, the sensor 1s
split 1nto a sensing part 600 and a feedback part 602 by
separating capacitors for sensing and feedback. Here parts of
the capacitors a used for sensing the acceleration while the
other ones feedback the reference voltage.

Here, two sensor ports V1 and V2 are obtamned from
capacitors C1-C2 and C5-C6, respectively. Stmilarly, C7-C8
and C3-C4 may be used to feedback a positive reference
voltage Vrelp and Vreln, respectively. As a result a simulta-
neous read and feedback may be obtained.

In yet another embodiment, as shown 1n FIG. 7, sensor
offset and out-of-axis error 1s addressed. During the process-
ing of the MEMS sensors, the piezoelectric structures may be
subject to process mismatch and tolerances. As a result the
sensor capacitors feature a mismatch term, e.g. AC1 of one
side, resulting 1n an offset voltage and an increased out-oii-
axis sensitivity.

This problem may be addressed using a sensor architecture
shown 1n FIG. 7 that applies a switching sequence such that
the capacitors are rotated every sample mstant. Here 1n the
sample instant Tsense(n) the error term 1s added and in the
next instant Tsense(n+1) the error term 1s subtracted (the
charge mismatch due the AC1 term 1s compensated 1n time by
rotating the polarity 1n two succeeding sense instances). Thus
any mismatch term 1s compensate/canceled 1n first order 1n
the time domain.

The proposed embodiments may be advantageous because
they extend dynamic range but do not require a new sensor
design nor increase the overall the hardware effort. The pro-
posed techniques and fully differential sensor designs for
simultaneous sensing and feedback do not require any addi-
tional hardware. The resulting errors due to oflset compo-
nents (due to AC and AForce) and increased out-of-axis (x and
y-components) are canceled over time. This 1s possible, since
high oversampling ratios (OSR) may be used, such that in
average the errors are canceled.

The above description of 1illustrated embodiments of the
invention, including what 1s described in the Abstract, 1s not
intended to be exhaustive or to limit the mvention to the
precise forms disclosed. While specific embodiments of, and
examples for, the invention are described herein for 1llustra-
tive purposes, various equivalent modifications are possible
within the scope of the mvention, as those skilled in the
relevant art will recognize.

These modifications can be made to the invention in light of
the above detailed description. The terms used 1n the follow-
ing claims should not be construed to limit the invention to the
specific embodiments disclosed 1n the specification and the
claims. Rather, the scope of the invention 1s to be determined
entirely by the following claims, which are to be construed 1n
accordance with established doctrines of claim interpretation.

What 1s claimed 1s:

1. A micro electromechanical system (MEMS) sensor,
comprising;

a frame;

a beam:;

a prool mass;

a plurality of arms connecting the frame to the proof mass;

a plurality of capacitors, wherein each of said plurality of

arms comprises an nner capacitor between the proof
mass and the beam and an outer capacitor between the
beam and the frame; and
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a plurality of switches, one connected to each of the capaci-
tors for connecting or disconnecting selected capacitors,

wherein a first half of said plurality of capacitors 1s used for
outputting a sensor signal, and a second half of said
plurality of capacitors 1s used for a feedback signal,

wherein the plurality of switches cause the capacitors to
operate so as to control an overall signal to noise ratio
(SNR) of said MEMS sensor,

wherein each sample period of said MEMS sensor 1s split
into two periods, a sense period and a feedback period,
and

further wherein, 1n the sense period, the capacitors used to
sense an 1nput acceleration fully differentially, and, in
the feedback period, the feedback signal 1s connected to
the first half of said plurality of capacitors so as to form
a closed feedback loop.

2. The sensor as recited in claim 1 wherein the feedback

loop further comprises:

an analog sensor signal from the outer capacitors;
an analog to digital converter for converting the analog
sensor signals 1nto a digital sensor signal;
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a decimator and a gain circuit receiving the digital sensor
signal and controlling the plurality of switches; and

a digital to analog converter for converting the digital sen-
sor signal to an analog sensor signal which 1s fed back to
the inner capacitors.

3. The sensor as recited 1n claim 2 further comprising:
a loop filter prior to the analog to digital converter.

4. The sensor as recited 1n claim 1 wherein the frame 1s
generally square and the plurality of arms comprise one arm
at each corner extending inward to the proof mass centered 1n
the frame.

5. The sensor as recited 1n claim 4 wherein capacitors on a
right side of the proof mass are used to output the sense signal

and capacitors on a left side of the proof mass are used to
receive feedback.

6. The sensor as recited 1n claim S wherein the feedback
comprises one of a positive reference voltage and a negative
reference voltage.
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